Introduction
Fluidized-bed combustion (FBC) is a well established technology for burning coal (Valk, 1994) , sometimes in combination with biomass (Gogebakan and Selçuk, 2009) or for burning relatively homogeneous wastes such as sewage sludge (Van de Velden et al., 2008 , Toledo et al., 2005 . In recent years, the technology has sometimes been applied to the thermal treatment of municipal solid waste (MSW; Rhyner et al., 1995) , but such an application remains an exception. In France for example, out of the 128 MSW thermal treatment units in operation since 2005, only 4 were based on the FBC technology, while the remaining units relied on the grate kiln (stationary or moving grate) technology.
The basic principle of FBC is the injection of air at the base of the combustion chamber through a layer of inert material (typically sand) which generates a suspended mass of waste and sand particles. This improves waste particle combustion due to the greater contact surface between the waste and the sand, with the drawback however that the waste must be shredded to a particle size of around 100 to 300 mm, following the type of technology used. This type of thermal treatment generates four solid residues: on the one hand air pollution control (APC) residues and bottom ash, typical of grate kiln incinerators, and on the other hand hopper ash and cyclone ash. Note that the ash studied in this paper and referred to as "boiler ash", is analogous to what Abbas et al. (2003) refer to as "hopper ash" (see Fig. 1 of Abbas et al., 2003) . According to Abbas et al. (2003) , among the advantages of the FBC technology are the low NOx and SOx emissions, the efficiency of heat transfer from the sand bed to the heat exchanger walls and the low amount of unburned matter in the ash residues.
As a result of the limited extent of FBC technology compared to grate kiln incinerators in the thermal treatment of MSW, relatively few studies have addressed the chemical composition and mineralogy of the residues. Abbas et al. (2003) examined the extraction, using batch leaching tests, of salts from filter ash, cyclone ash, hopper ash and bottom ash sampled from two FBC boilers in Sweden. Abbas et al. (2001) focused in particular on the leaching behaviour of chromium in different types of FBC ash (bottom, hopper, cyclone and filter ashes). These authors underline the influence of Al 0 on chromium speciation and hence mobility.
The leaching behaviour of chromium in ash from waste thermal treatment plants has also been studied by Astrup et al. (2005; . Astrup et al. (2005) provide a conceptual model for the interaction between Cr, Al and oxygen that was applied by Guyonnet et al. (2008) to reproduce the leaching behaviour observed during leaching experiments performed at several scales on a boiler ash from a FBC plant in France. This paper provides additional data for this same boiler ash with a special focus on the ash mineralogy and geochemical equilibria in pore waters collected during the leaching experiment performed in a large column. The new data provide additional insight into the composition and leaching behaviour of such residues.
Materials and Methods

Material preparation
The thermal process residue studied herein is a boiler ash from a French rotary fluidized-bed MSW incineration plant, which burns around 54,000 tons of waste annually. Eighteen tons of boiler ash were recovered in big bags and dried in a depot from an initial water content of around 10 weight percent to approximately 0.5%. Because preliminary studies of the ash's reactivity indicated a risk of setting during percolation experiments, it was mixed in equal weight proportions with washed Loire sand (0.1-1 mm). A horizontal continuous feed pugmill fed by two circuits; one for sand and one for ash, was used to guarantee homogeneous mixing between the two materials. The flowrates of the two circuits were checked approximately every 15 minutes. A flowsheet of the preparation of the ash-sand mixture can be found in Guyonnet et al (2005) .
Following mixing, twenty measurements of the ash-sand dry density yielded an average value of 1.32 g/cm 3 with a standard deviation of 0.035 g/cm 3 . However, during the filling up of the column experiment described below, some consolidation occurred and overall dry density increased slightly to 1.39 g/cm 3 . The grain size of the ash-sand mixture was below 2 mm, with a 10% fraction between 10 and 100µm. Chemical and mineralogical analyses were performed on the raw ash and on the ash-sand mixture before and after 18 months of dynamic leaching.
Global chemical analyses of the solids
Chemical analyses were performed by ICP-AES after alkaline fusion using Na 2 O 2 at 450°C
and then digestion by HCl (method adapted from NF ISO 14869-2, 2002). Major elements (Ca, Si, Al, Fe, K, Mg, Mn, Na, P, Si, Ti) in the fresh ash were also determined by X-ray fluorescence (Philips PW2400, sequential) following sample preparation using the bead technique (addition of a fluxing agent; lithium tetraborate). Chloride was determined by potentiometric analysis. Total sulphur, total carbon and inorganic carbon were determined by non-dispersive infrared analysis of the gases CO 2 and SO 2 released following specific treatments: digestion by a 25% phosphoric acid solid for inorganic carbon, and oxidation under O 2 at 900°C for total carbon and total sulphur. The amount of organic carbon was derived by subtracting inorganic carbon from total carbon (C org = C tot -C inorg ). and Cr(III). Metal aluminium was measured by atomic adsorption spectroscopy following a controlled attack in a methanol-brome medium (Young, 1974) . Crystallisation water was measured using the Penfield tube method (Sandell, 1951) . Uncombined lime was determined by the classical ethylene glycol method (MacPherson and Forbrich, 1937) .
Contents of Al
Mineralogical characterisation of the fresh and leached ash
Crushed powders washed sand and five boiler ash grain-size fractions (500µm -2 mm; 250-500 µm; 125-250 µm; 63-125 µm; < 63 µm) were analysed by X-Ray Diffraction before leaching to identify major phases. The diffractometer with a Bragg Brentano geometry (Siemens D5000) is equipped with a monochromator and with a cobalt K α1 radiation (λ = 1.78897 Å). Acquisition time for the XRD patterns in the 4-84°2θ  interval was set at one second per 0.02°2θ step (=1 hour) for rotating samples. The phyllitic fraction of the sand (clays) was determined according to standard methodology on oriented samples with and without glycol during 12h and then heated at 490°C (4h). The crystalline phases were identified using Diffrac-AT software, in conjunction with the JCPDS (Joint Committee on Powder Diffraction Standards) database. 
Dynamic and static leaching tests -Water analyses
A downward-flow percolation experiment was performed in a large column described in Guyonnet et al. (2008) . In summary the column is 5 metres high, 1 metre in diameter and At the end of the 18-month leaching period, the large column was carefully dismantled and samples were collected at different depths, along the central axis of the column, for analysis.
Samples were collected and homogenised from each 1-metre section and analysed; a composite sample of the entire column was also created by quartering of these sub-samples.
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The batch leaching test for granular waste at a liquid/solid (L/S) ratio of 10 L/kg was performed (CEN, 2002) . During the dismantling procedure, it was observed that the material was loose and didn't show evidence of localized consolidation, concretions, colouring, etc., such as could be observed for example in bottom ash leaching experiments (Piantone et al., 2004) . It is therefore hypothesized that, due to the material's homogeneity and grainsize, and to even distribution of flow at the column head, preferential flow was probably not significant. Table 1 completes data presented in Guyonnet et al. (2008) and provides a comparison with data from Abbas et al. (2001) . Major elements in the ash sand mixture are related to the presence of Si-rich oxidized phases and to a lesser extent to the presence of Al, Ca, Fe and K.
Results and discussion
Global chemical composition before and after leaching
Trace elements in the ash-sand mixture are, by order of decreasing importance, Zn, Cu, Ba, Pb, Sn, Sr. Uncombined lime content (free and hydrated lime, respectively CaO and Ca (OH) 2 ) is low (< 0.5 mg/Kg). The proportion of zero-valent (metal) aluminium is 1.4-1.45 wt% (2 analyses), i.e., 23 wt% of the total aluminium. A similar characterisation of the waste after 18 months of leaching in the large column shows a decrease in the proportion of metal aluminium to 0.54 wt % suggesting that on average, 60% of metal aluminium has been altered. The significant increase of crystallisation water (0.7 to 1.7 % after 18 months of leaching) suggests the formation of hydrated minerals, probably of the ettringite type 
Mineralogical phases
From XRD analyses of five grain-size fractions, the fresh ash contains primarily quartz, silicates (microcline, plagioclase, diopside, gehlenite), carbonates such as calcite, some sulphates (anhydrite), iron oxides (hematite) and halite. The background noise of the fresh ash diffractograms (Fig. 3) , i.e., truly amorphous phases and crystalline phases present in proportions too small to be detected, is quite significant. Furthermore a diffuse bump centred around 34°2θ is clearly noticed for the limiting grain-size grain fractions (>500µm and <63 µm) indicating the presence of poorly organized crystalline structures. This is confirmed by optical microscopy on the < 63µm fraction which showed numerous vitreous microspheres.
From XRD analysis, the sand contains quartz (around 45%), microcline, plagioclase, augite and a small portion of clay of illite/mica type. The predominance of the phases was confirmed by SEM ( Fig. 1) , qualitative EDS analyses and quantitative EMP analyses.
Calcium phosphates were also identified by microscopic analyses (SEM-EDS and EMP).
Note that XRD, which is typically used to detect crystalline phases above 1-5%, was not applied to samples collected after leaching in the large column because i) of the mixing with sand (50/50) and ii) the probably poorly crystalline state of neoformed minerals. Therefore direct microscopic analyses were preferred. The composition of calcium phosphates shows an increase of calcium content with leaching. While Ca/P ratios were initially close to 0.9-1.2, they increased to 1.4-1.6 at the end of the leaching experiment, confirming the greater stability of the resulting phosphates which probably evolved from monetite (Ca/P = 1) to the more stable whitlockite (Ca/P = 1.5) and finally apatite type (Ca/P = 1.87).
Micro-mappings of a large selection of elements present in the ash reveal that Al is mainly suggested by temperature variations measured in the large column during the first twenty days of leaching. Significant swelling was observed in lysimeter cells described in Guyonnet et al. (2008) . Other cement-type phases, referred to below in the geochemical calculations, were not clearly identified.
Results of leaching tests
While data from the outlet of the large column were shown in Guyonnet et al. (2008) , Fig. 3 shows the evolution over time of pH, Eh, Al and Cr(VI) measured in all the porous cups (PC) of the column, as well as at the outlet. The pH (11.5-12) is typical of alkaline incineration residues, while the redox potential (Eh) increased gradually from slightly reducing conditions (approximately -100 to 0 mV from the outlet to the uppermost porous cup) to more oxidising conditions at the end of the experiment (0 to 300 mV from the base to the top). It is only after approximately 130 days that Cr(VI) starts to appear in the uppermost porous cup (PC1). Before that time, chromium is in its reduced and less mobile state Cr(III). Once the metal aluminium has been "passivated" (Figs. 2c and 2d ), aluminium concentrations decrease and chromium is mobilized as Cr(VI).
The porewater data collected from the large column is plotted in Fig. 4 as a function of depth at specific times. As seen in Fig. 4a , pH values remain high (> 11) throughout the column, but there appears to be a pH gradient with a slightly upward trend as depth increases.
The redox potential measurements (Fig. 4b) suggests slightly more oxidizing conditions in the upper portion of the column (with an outlier at PC5; 4.36 m), as a result of the inflow of
To be published in Waste Management (2010) -Bodénan et al.
oxygen-rich demineralised water fed at the top of the column. In Guyonnet et al. (2008) it was shown that it was necessary to account for the transport of dissolved oxygen (see Astrup et al., 2005) Results obtained on the fresh ash-sand mixture are shown for comparison. Due to the liquidsolid ratios achieved in the column at the end of testing (more than 20 L/Kg at the top; 3 L/Kg at the bottom), the quantities leached from the fresh ash-sand mixture are generally much higher than from the samples collected from the large column. This does not appear to be the case however for Cr(VI), due on the one hand to the oxidation of Cr(III) to Cr(VI) during the percolation experiment, in accordance with the observed trend towards more oxidizing conditions (Fig. 3b) , and on the other hand to an underestimation of the Cr(VI) concentration in the fresh ash-sand due to the presence of Al 0 .
In Table 2 , the pH value of 10.3 measured during batch leaching of the fresh ash-sand mixture may seem low compared to the pH, around pH11, measured after leaching in the large column. However, this is consistent with the trend observed at the beginning of leaching in the large column (see Fig. 3a ), where pH started quite low (around 8.7) and then increased with time and L/S ratio. It is known that the release of sodium and potassium, present in other minerals than salts, can occur with a delay in clinker/cement type materials (and depends largely on grain size). For example Taylor (1990) shows that, in the case of fresh cement pastes, this phenomenon gives higher pH values than in the case of equilibrium with portlandite Ca(OH) 2 . Such a mechanism seems plausible for the high-temperature glass matrix of the ash and can help explain higher pH values at the end of leaching than in the fresh ash-sand mixture.
Geochemical equilibria
Thermodynamic calculations were performed in order to estimate saturation indices (SI) of the waters with respect to selected minerals, using version 2.12 of the PHREEQC geochemical code (Parkhurst and Appelo, 1999) . Thermodynamic data are from the associated database Llnl.dat, with additional references for cement-type phases (Table 3) obtained from a review of thermodynamic data at different temperatures (Blanc et al., 2008) .
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Speciation calculations were performed on solutions with a charge balance error lower than 5%. Ionic strengths of waters were calculated. Considering the 0.5 eq/L limit given by Appelo et Postma (1999) for the Davies model activity used in PHREEQC outlet waters are to be considered only above L/S 0.3. All porous cup waters were validated (<0.5 eq/L).
Results in Fig. 5 , plotted versus liquid-to-solid ratio (L/S), suggest that water samples collected at the outlet of the large column are in equilibrium with respect to monohydrocalcite, barite, wollastonite and aluminium hydroxide; Al(OH) 3 (Fig. 5a ). Outlet waters are under-saturated with respect to gypsum and, as expected at a pH around 11.5, to portlandite. Saturation indices are also shown for some cement-type phases in Fig The data presented herein confirm the conceptual model proposed by Astrup et al. (2005) . 
So long as there is Al 0 to oxidize, chromium is in its non mobile trivalent form. However, as shown also by Astrup et al. (2005) , two competitive reactions are also involved:
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Note that Eq. (3) involves the production of hydrogen. Hydrogen gas production was observed during batch ageing tests performed with the ash-sand mixture. Measured molar H 2 gas fractions were around 10% on average. Equations (2) and (3) tend to deplete the reducing capacity of Al 0 , leading to Cr mobility as Cr(VI). These mechanisms are consistent with observations in the large column where redox conditions evolved gradually towards more oxidizing conditions (Fig. 3b) . As shown in Guyonnet et al. (2008) , observed breakthroughs of chromium and aluminium in the column can be reproduced with a coupled chemistrytransport model (PHREEQC; Parkhurst and Appelo, 1999) , taking into account Eqns. (1) through (3) and reaction kinetics.
Conclusions
The data presented herein illustrate the importance of mineralogical characterisation for a better understanding of the leaching behaviour of waste materials. Mineralogical and pore fluid equilibria calculations provide information regarding mineral phases controlling the solubilities of key elements such as Al and Cr, which can then be used for the quantitative interpretation of observed leaching behaviours, with the help of coupled chemistry-transport models (see Guyonnet et al., 2008) . The mineralogical observations presented herein document the ageing process undergone by the ash during the leaching experiment, with an alteration of mineral phases such as metal aluminium or quartz and silicates. SEM images document the precipitation of hydrated neo-formed mineral phases such as ettringite or aluminium hydroxides, which can have negative implications for the reuse of the material (e.g. in roadworks), due to swelling.
The detailed pore water chemistry monitored during 18 months of leaching clearly illustrates the coupled behaviour of aluminium and chromium, with chromium appearing in percolating fluids in its mobile (hexavalent) form, when metal aluminium is no longer available for chromium reduction. Such breakthrough of chromium is an environmental and health concern and a potential reason why this boiler ash might not be accepted by environmental regulators as a candidate for utilisation (e.g. in roadworks). If it were not for this element, this ash could comply with the inert waste acceptance criteria (OJC, 2003) , provided a "factor 3" is used for sulphate and chloride; OJC, 2003) .
The data also have implications with respect to the interpretation of dynamic leaching experiments (e.g. CEN, 2005) . Several authors (e.g. Grathwohl and Susset, 2009; LopezMeza et al., 2008; Hjelmar et al., 2007; Hjelmar, 1999) have shown that the liquid versus solid (L/S) ratio can be a very useful normalization parameter for comparing data from leaching tests performed on a given material at different scales and/or different percolation rates. This is not always the case however, as shown in Fig. 7 where Al and Cr data from LOI = loss on ignition at 1000°C; DM = dry matter; n.m. = not measured; * = data from Guyonnet et al. (2007) ; ** = calculated as difference between ash-sand and sand; *** = data from n.m.= not measured; * = data from Guyonnet et al. (2007) Damidot et al. (1994) ; 3: Glasser, (1993, 1995) ; 4: Damidot et al. (1992) ; 5: Babushkin et al. (1985) ; 6: Perkins and Palmer, (1999); Möschner et al. (2008); 7: Eary, (1999) ; 8: Reardon, 
